. Accordingly, it is important to find general ways of evaluating rate constants from steady-state measurements, whenever the data are adequate to permit such evaluation. In the present study we have examined this problem in the context of the reaction catalysed by alcohol dehydrogenase from horse liver. We have found that, whereas conventional matrixinversion methods for estimating the precision of fitted parameters give absurd and meaningless results when applied to complex rate equations, thejackknife technique (Quenouille, 1956; Tukey, 1958; Miller, 1974) gave such promising results with this example that it should be seriously considered as a general technique for analysis of enzyme kinetic results.
&
. It has often, and in our view mistakenly, been concluded from this that steadystate measurements can provide little information about the rate constants for the individual steps (e.g. Halford, 1974) . On the contrary, there are many mechanisms for which all of the rate constants can be calculated from steady-state measurements, provided that no isomerization steps are formally included. For simple mechanisms, it is usually necessary to be able to follow the reaction in both forward and reverse directions, and considerable success has been had with such enzymes as liver alcohol dehydrogenase (Theorell et al., 1955;  alcohol-NAD+ oxidoreductase, EC 1.1.1.1) and fumarase (Alberty & Pierce, 1957;  L-malate hydro-lyase, EC 4.2.1.2). More recently it has been possible to assign values to many of the rate constants for the liver alcohol dehydrogenase reaction on the basis of measurements of the forward reaction alone Wong et al., 1972; Wong & Hanes, 1973) , despite the fact that the mechanism is now known to be more complicated than that assumed by Theorell et al. (1955 Wong, 1975; Cornish-Bowden, 1976) . Accordingly, it is important to find general ways of evaluating rate constants from steady-state measurements, whenever the data are adequate to permit such evaluation. In the present study we have examined this problem in the context of the reaction catalysed by alcohol dehydrogenase from horse liver. We have found that, whereas conventional matrixinversion methods for estimating the precision of fitted parameters give absurd and meaningless results when applied to complex rate equations, thejackknife technique (Quenouille, 1956; Tukey, 1958; Miller, 1974) gave such promising results with this example that it should be seriously considered as a general technique for analysis of enzyme kinetic results.
Theory Mechanism of liver alcohol dehydrogenase
We shall be primarily concerned in this paper with the mechanism shown in Scheme 1, first because it applies to horse liver alcohol dehydrogenase at low concentrations of ethanol and in the absence of products The Scheme shows the mechanism proposed by Hanes et al. (1972) for the oxidation of ethanol (shown as Eth) by NADI, catalysed by horse liver alcohol dehydrogenase. The mechanism is simplified by omitting product-binding steps, which are insignificant for measurements of the initial rate in absence of added product, and steps relating to substrate inhibition at high ethanol concentrations, which can be corrected for as described by Hanes et al. (1972) Table I for the uninhibited forward reaction. By a combination of trial-and-error and algebraic analysis, values were assigned to all of the ten rate constants Wong & Hanes, 1973) . However, the procedures used were extremely laborious and required many months of analysis, and they gave no satisfactory indication of the precision of the result; they could not readily be generalized for routine use. In the search for more generally applicable procedures it seemed worth while instead to investigate the possibility that computational methods that had proved efficient in simpler non-linear regression problems (CornishBowden & Koshland, 1970; Wharton et al., 1974) might provide a simpler way of fitting the data shown in Table I 
The jackknife technique
The jackknife was first proposed by Quenouille (1956) as a technique for eliminating certain forms of bias from averages. It has subsequently proved to be very valuable for estimating the precision of parameters in non-linear models when conventional statistical methods based on linear approximations fail completely; it is for this latter purpose that we are concerned with the jackknife in the present paper. Although the technique, which has been reviewed by Miller (1974) , is well known in applied statistics, it has been used very rarely in enzymological work (Dammkoehler, 1966; Herzfeld & Schlesinger, 1975; Gros et al., 1976) Hanes et al. (1972) for the oxidation of ethanol by NAD+ catalysed by alcohol dehydrogenase in 0.045M-pyrophosphate buffer, pH8.6, at 27°C. The values are expressed in s-' and are corrected for substrate inhibition at high ethanol concentrations as described previously . The numbers in the body of the 
Results
Fitting the data for alcohol dehydrogenase The non-linear regression program that we used was essentially the same as that described previously (Wharton et al., 1974) (1), however, the problems of non-linearity were far more severe than those encountered previously. It was necessary to choose a parameter set very carefully to decrease correlation, and we were only partly successful in this. The equation contains ten rate constants, but only nine are independent because the tenth is specified by the thermodynamic constraint k,jk_2k13L4/k_1kj2-k.3k,4 = 1. Initially we took (k+4, k-l, k+2, k.2, k+3, k-3, k+4, k+5, k+6) as the parameter set, replacing k.4 in eqn. (1) with k_jk+2k.3k+4/k,jk.2k+3, but this gave very poor results, not unexpectedly. Exploratory runs of the program with this parameter set showed that, whereas some functions of the rate constants were precisely defined by the data, others were barely defined at all. For example, good fits were never obtained unless k+5k,6/(k+4 + k+6) was within a few per cent of 4.47s-', whereas good fits could be obtained for any values of k+5/k+6 over a range at least as wide as 0.001-1000.
The extremely high correlation between k+5 and k+6 is illustrated by the sum-of-squares contours in Fig. 1 . Not only are the contours highly elongated, but the correlation is non-linear, as the contours are not even approximately elliptical, either in the logarithmic co-ordinates used in Fig. 1 Estimation of the value of k,5/k,6
As shown in Fig. 2 
Taking a value of 4.75s-I as representative of this range for k16, and assuming that kcat. = k+5k+6/(k+_ + k+6) = 4.47s-', we obtained a value of about 18.5 for k+5/k+6. We assumed this value in the remainder of the work described in this paper. Although it does not give the smallest possible sum of squares (see Fig. 2 ), the difference is not significant. (The variance ratio F is 1.0, which is not significant at any level of confidence.)
Estimation of the precision of the fitted parameters The program that we have used attempts to estimate variances for the best-fit parameters from the inverse of the matrix of second partial derivatives of the sum of squares with respect to the parameters. This is a widely used method, but one that is of questionable validity when applied to severely non-linear models (see Draper & Smith, 1966) . It gave meaningless results with the data shown in Table 1 , presumably because of the gross nonlinearity of the sum-of-squares surface (cf. Fig. 1 , which can be regarded as a two-dimensional projection of a surface in nine dimensions). The program sometimes obtained negative variances and sometimes variances that were ridiculously small, e.g. a Vol. 175 coefficient of variation of 0.5 % for a parameter that was certainly not precisely defined.
In view of the clear failure of this method of estimating the precision of the parameters, we decided to investigate the possibility of using a jackknife instead. For this purpose we divided the 6 x 6 grid of observations according to a latin square (as indicated in Table 1 ), to give six exclusive sets of six observations, such that vwithin each set each NAD+ concentration was represented once and each ethanol concentration was represented once. We then obtained six sets of 30 observations, with each set of six observations omitted in turn, and fitted eqn. (1) to each of these sets of 30 observations, as well as to the complete set of 36. The jackknife was applied to the results of this fitting exercise, as detailed in Table 2 , and the parameter values and precision estimates shown in Table 3 were obtained.
Discussion
In this work we have shown that it is possible for some mechanisms of enzyme-catalysed reactions to obtain values of the elementary rate constants from steady-state measurements alone. For some of the simpler mechanisms this can be done by rearranging the definitions of the 'observable parameters' in terms of the rate constants (Cleland, 1963) . However, this method does not provide information about the precision of the values determined for the rate constants and is thus of limited utility. Alternatively one can fit the data directly to a rate equation expressed in terms of rate constants, and we have found that this method can be applied to a mechanism as complicated as that shown in Scheme 1. In contrast, transient-state methods have met with limited success with such mechanisms.
The conventional matrix-inversion method produced absurd results, as described in the Results section, when used to assess the precision of the rate constants obtained with the data in Table 1 Table 2 . Application of the jackknife to the data in Table I The parameter set used for fitting the data comprised all of the parameters listed in this Although our main concern in this work has been to study the methodology required for the analysis of complex kinetic data, it is pertinent to compare the results obtained with other measurements of the kinetic parameters of alcohol dehydrogenase from horse liver; the remainder of the paper will be devoted to such a comparison. Hanes et al. (1972) observed activation of the enzyme by an impurity in acetaldehyde, which is rapidly formed during storage at -20°C and present even in freshly distilled acetaldehyde. As a result they could estimate only an upper limit of 4.4s-' for the saturation rate constant for acetaldehyde reduction, i.e. the same as that for the forward reaction, ethanol oxidation. According to Table 3 , k-, is small compared with kL3, and k-2 is small compared with k-4, so the saturation rate constant for the reverse direction should be close to (k_1 + k-2), or 2.42s-'. This is consistent with the observations of Hanes et al. (1972) for the reverse reaction, though it should be noted that k-, and k-2 are the least precisely defined values in Table 3 . Brooks et al. (1972) (1972) . Shore & Gilleland (1970) measured the binding of NAD+ to enzyme in the presence of excess pyrazole, and obtained a combination rate constant of 840 mM-' s-. This value would be comparable with k+2 in Scheme 1 if no enzyme-pyrazole binary complex is formed, but with k+3 if such a complex is formed. As pyrazole acts as an inhibitor competitive with respect to ethanol, one may assume that an enzyme-pyrazole complex analogous to the enzymeethanol complex is formed in the presence of excess pyrazole. The value of k+3 = 510mM-l s-from Table 3 for the binding of NAD+ to the enzymeethanol complex is similar in magnitude to the value of 840mM-l s-I obtained by Shore & Gilleland (1970) for binding of NAD+ to the enzyme-pyrazole complex, and indicates that both binary complexes bind to NAD+ much more rapidly than the free enzyme, for which k+2 from Table 3 is 29.9 mM-' s-1.
On the basis of a compulsory-order mechanism in which the coenzyme binds to the enzyme before the substrate in both forward and reverse reactions, Dalziel (1963) found k+2 to be 830mM-' s-' and k+4
to be greater than IOmM-' s-1. The value of k14 = 17.2 mm' s-' from Table 3 is consistent with these results, but the value of k,2 = 29.9 mM-' s-is not.
There are likely to be several reasons for this disagreement. Dalziel (1963) used phosphate/glycine buffer, pH 9.0, at 23.5°C, and an enzyme preparation now known to contain multiple isoenzymes with non-uniform kinetic properties (Theorell et al., 1970; Lutstorf et al., 1970; Gurr et al., 1972) . The measurements of Hanes et al. (1972) that yielded the rate constants of Table 2 were done in pyrophosphate buffer, pH8.6, at 27°C, with a single purified isoenzyme. Perhaps more important, the mechanism used by Dalziel (1963) for calculating the rate constants given above did not allow for the occurrence of an enzyme-ethanol complex. The existence of such a complex was suggested by Theorell & McKinleyMcKee (1961) and Sund & Theorell (1963) , and has been amply confirmed by the analysis of Hanes et al. (1972) . The compulsory-order mechanism is, moreover, inconsistent with the observation by Silverstein & Boyer (1964) that exchange between NAD+ and NADH could not be eliminated by saturating the enzyme with acetaldehyde and ethanol. By contrast, this finite NAD+-NADH exchange is required by the mechanism of Hanes et al. (1972) , which proposes random additions of NAD+ and ethanol to the enzyme in the forward direction, but a compulsory order with addition of NADH before acetaldehyde in the reverse direction. Excess ethanol and acetaldehyde do not therefore block the exchange between free and enzyme-bound NAD+. A similar exchange for NADH is blocked along the main reaction pathway, but permitted along a side reaction branch generated by the reaction of excess ethanol with the enzyme-NADH complex (Wong & Hanes, 1964) . Accordingly, the finite NAD+-NADH exchange in the presence of excess ethanol and acetaldehyde is expected to be much slower than the ethanolacetaldehyde exchange in the presence of excess NAD+ and NADH, in complete agreement with the observations of Silverstein & Boyer (1964) . Taniguchi et al. (1967) determined the dissociation constant of the enzyme-NAD+ binary complex directly as a function of pH; the value for pH 8.6, interpolated from their data, is 12.3,uM. This agrees to within 20% with the value of k_2/k+2= 10.4,uM given in Table 3 .
In conclusion, the good agreement between the results in Table 3 with comparable values obtained in other ways provides some support for the validity of the approach suggested in this paper.
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